Nitric oxide (NO), a free radical gas produced endogenously from the amino acid L-arginine by NO synthase (NOS), has important functions in modulating vasopressin and oxytocin secretion from the hypothalamo-neurohypophyseal system. NO production is stimulated during increased functional activity of magnocellular neurons, in parallel with plastic changes of the supraoptic nucleus (SON) and paraventricular nucleus. Electrophysiological data recorded from the SON of hypothalamic slices indicate that NO inhibits firing of phasic and non-phasic neurons, while L-NAME, an NOS inhibitor, increases their activity. Results from measurement of neurohypophyseal hormones are more variable. Overall, however, it appears that NO, tonically produced in the forebrain, inhibits vasopressin and oxytocin secretion during normovolemic, isosmotic conditions. During osmotic stimulation, dehydration, hypovolemia and hemorrhage, as well as high plasma levels of angiotensin II, NO inhibition of vasopressin neurons is removed, while that of oxytocin neurons is enhanced. This produces a preferential release of vasopressin over oxytocin important for correction of fluid imbalance. During late pregnancy and throughout lactation, fluid homeostasis is altered and expression of NOS in the SON is down-and up-regulated, respectively, in parallel with plastic changes of the magnocellular system. NO inhibition of magnocellular neurons involves GABA and prostaglandin synthesis and the signal-transduction mechanism is independent of the cGMP-pathway. Plasma hormone levels are unaffected by icv 1H-[1, 2, 4]oxadiazolo-[4,3-a]quinoxalin-1-one (a soluble guanylyl cyclase inhibitor) or 8-Br-cGMP administered to conscious rats. Moreover, cGMP does not increase in homogenates of the neural lobe and in microdialysates of the SON when NO synthesis is enhanced during osmotic stimulation. Among alternative signal-transduction pathways, nitrosylation of target proteins affecting activity of ion channels is considered.
Introduction
Since the discovery that nitric oxide (NO), a lipophilic gas synthesized by NO synthase (NOS) from the amino acid L-arginine, is endogenously produced not only in peripheral organs but also in the central nervous system, considerable evidence has accumulated implicating this molecular messenger in a diversity of biological functions. For example, NO is involved in the regulation of blood pressure and blood flow, plasticity of the nervous system, ingestive behaviors, immunoresponses, and secretion of anterior and posterior pituitary hormones (1) (2) (3) . Of particular interest to this review is the role of NO in the modulation of vasopressin and oxytocin secretion from the hypothalamoneurohypophyseal system.
Vasopressin and oxytocin are nonapeptide hormones synthesized in magnocellular neurons of the supraoptic and paraventricular nuclei (SON and PVN, respectively), transported to the pituitary neural lobe, where they are stored and released into the circulation in response to increased neuronal activity. The SON and PVN receive inputs from the forebrain osmosensitive network in the lamina terminalis to regulate secretion of hormones. Although both hypothalamic nuclei are themselves osmosensitive, they necessitate inputs from the network for their normal functional activity. The forebrain network ( Figure 1 ) encompasses the circumventricular organs, subfornical organ and organum vasculosum laminae terminalis, and the median preoptic nucleus. In turn, this network has anatomical connections with the nucleus tractus solitarius and caudal and rostral ventrolateral medulla in the hindbrain. The activity of these structures is influenced by inputs from central and peripheral osmoreceptors, volume and baroreceptors and circulating angiotensin II (ANG II) to regulate secretion of vasopressin and oxytocin into plasma. It is now evident that NO has an important modulatory role in the secretion of neurohypophyseal hormones. Immunohistochemical and in situ hybridization studies have shown that the enzyme NOS (4-6) and its mRNA (7), citrulline (8) , the co-product of NO synthesis, as well as NADPH-diaphorase activity (9), a histochemical marker of NOS, are expressed in forebrain and hindbrain osmoregulatory networks. These findings, as well as results from microdialysis studies (10) , indicate that NO is produced at these sites, thus having a potential to modulate the activity of these structures, either directly or indirectly by ; inserted table) and their neural circuitry regulating body fluid homeostasis. The presence of NO synthase (NOS) (4-6) and its mRNA (7), citrulline (8) , the co-product of NO synthesis, as well as NADPH-diaphorase activity (9), a histochemical marker of NOS, are expressed throughout the structures in the lamina terminalis, hypothalamo-neurohypophyseal system, as well as hindbrain. AC = anterior commissure; CVLM = caudal ventrolateral medulla; dMnPO = dorsal median preoptic nucleus; IMLSC = intermedio-lateral column of the spinal cord; LH = lateral hypothalamus; LPO = lateral preoptic area; MPO = medial preoptic area; NL = neural lobe; NTS = nucleus tractus solitarius; OC = optic chiasma; OVLT = organum vasculosum laminae terminalis; OT = oxytocin; PV = periventricular nucleus; PVN = paraventricular nucleus; RVLM = rostral ventrolateral medulla; SFO = subfornical organ; SNS = sympathetic nervous system; SON, supraoptic nucleus; vMnPO = ventral median preoptic nucleus; VP = vasopressin. Reproduced with permission from Ref. (11) (12) (13) (14) , as well as NADPH-diaphorase activity (9, 15) increases throughout the entire hypothalamo-neurohypophyseal system when functional activity of magnocellular neurons is elevated during acute and chronic osmotic stimulation, dehydration by water deprivation and hypovolemia. These results indicate that NO production is enhanced during disturbances of fluid balance, presumably to meet the increasing demand for NO modulation of the magnocellular system. This enhanced action of NO occurs in parallel with morphological changes in the hypothalamo-neurohypophyseal system that are characterized by retraction of glia cells interposed among magnocellular neurons, resulting in formation of new synaptic connections that facilitate hormone release (16) . Importantly, linkage between NO and plasticity of the nervous system has been demonstrated in the hippocampus, cerebellum (1) and neurohypophysis (17) .
NO's influence on electrical activity of magnocellular neurons
Electrophysiological and neuroendocrine studies also demonstrate that NO modulates the activity of the magnocellular system. Specifically, electrophysiological evidence demonstrates that NO inhibits the activity of magnocellular neurons. Firing of both phasic (vasopressin) and non-phasic (oxytocin) neurons recorded from the SON in slices of rat hypothalamus in vitro is inhibited by sodium nitroprusside (SNP), a spontaneous releaser of NO (18) . The response is prevented by hemoglobin, a scavenger of NO. Conversely, neuronal activity is enhanced by N ω -nitro-L-arginine methyl ester (L-NAME), an inhibitor of NOS. These results indicate that NO has an inhibitory influence on both vasopressin and oxytocin neurons.
The effect may be direct, as well as indirect, by modulating release of neurotransmitters such as gamma-aminobutyric acid (GABA) and glutamate.
Many synaptic functions of NO are linked to N-methyl-D-aspartate (NMDA)-type glutamate receptors (1) . This selectivity is possible because of the compartmentalization of NOS with NMDA receptors at certain synaptic sites. At these sites, the modular protein-protein motif or PDZ domain of NOS, implicated in the signal transduction mechanism, links the synthase to protein complexes (19) . Significantly, NOS and glutamate receptors are widely distributed in the hypothalamo-neurohypophyseal system (20) and circumventricular organs (21) . Additionally, GABAergic innervation of magnocellular neurons is abundant (22) and presynaptic activation of glutamate receptors modulates release of GABA in these neurons (23) . Moreover, Bains and Ferguson (24) have demonstrated that activation of NMDA receptors in the PVN, in addition to producing post-synaptic excitatory effects, also induces inhibitory synaptic activity in magnocellular neurons. This is due to an increase in activity of GABAergic neurons in response to enhanced production of NO induced by stimulation of NMDA receptors. The effect is blocked by L-NAME and bicuculline and mimicked by applications of NO to the bath. SNP also reduces the depolarization of supraoptic neurons elicited by NMDA in vitro (25) . Moreover, S-nitroso-N-acetylpenicillamine (SNAP), a donor of NO, increases the frequency of spontaneous inhibitory postsynaptic current (IPSC) from supraoptic neurons in slice preparations, without affecting its amplitude (26) . This indicates that NO potentiates IPSCs via a pre-synaptic mechanism, possibly through NO's action on GABA terminals. On the other hand, Stern and Ludwig (27) have shown that SNP increases not only the frequency, but also the amplitude of miniature IPSCs of vasopressin and oxytocin neurons, an indication that NO acts at presynaptic, as well as postsynaptic sites.
Using an in situ preparation from urethane-anesthetized rats, Srisawat et al. (28) demonstrated that the spontaneous activity of vasopressin and oxytocin neurons in the SON, antidromically identified as projecting to the posterior pituitary, is inhibited by enhancing NO action with SNP retrodialyzed onto the nucleus. In contrast, firing rates of magnocellular neurons increase during local administration of N ω -nitro-L-arginine (L-NNA), another inhibitor of NOS, indicating that NO tonically produced in vivo is inhibitory. In lactating rats anesthetized with urethane, the high-frequency activity of oxytocin neurons of the SON during suckling is also inhibited when NO action is enhanced by intracerebroventricular (icv) administration of SNP, whereas bursting activity is increased by an NOS inhibitor (29) .
Collectively, the pharmacological data from in vitro and in vivo studies show that NO inhibits the electrical activity of vasopressin and oxytocin neurons.
NO and neurohypophyseal hormones Basal condition
Although electrophysiological data show unequivocally that NO has an inhibitory influence on magnocellular neurons, studies using the measurement of plasma levels of vasopressin and oxytocin have provided some incongruent results, particularly with regard to NO's effect on basal levels of circulating hormones. This, most likely, relates to varied experimental protocols and animal species, anesthetic, route of drug administration and doses of drugs. Our studies (3) have demonstrated that when central production of NO is reduced with L-NAME administered icv to conscious rats in normal hydration, plasma levels of vasopressin and oxytocin become elevated (Figure 2A ). Similar results are observed when the availability of NO is reduced by the NO scavenger, carboxy PTIO (Summy-Long JY and Bui V, unpublished data). This is an important comparison to interpret NO's effects on hormone secretion because it has been shown that, in addition to inhibiting NOS activity, L-NAME also has antimuscarinic effects (30) . Thus, our studies indicate that NO is tonically produced in the forebrain during euvolemic isosmotic conditions to inhibit secretion of both hormones from the magnocellular system. In agreement with our results, Chiu and Reid (31) and Goyer et al. (32) have shown that L-NAME administered intravenously (iv) to normovolemic conscious rabbits increases plasma levels of vasopressin, even in the presence of elevated blood pressure. In humans, however, Chiodera et al. (33) have reported that iv administration of L-NAME does not elevate basal levels of neurohypophyseal hormones. In view of our findings demonstrating an elevation in vasopressin and oxytocin levels within 2 min after L-NAME (icv), it is possible that this effect was missed in their studies measuring the hormone at 10-min intervals following drug treatment. Srisawat et al. (28) , however, have shown that L-NAME or L-NNA injected intraperitoneally does not modify basal plasma concentration of oxytocin in rats anesthetized with urethane, a finding incongruent with the reported increased firing rates of magnocellular neurons observed in their studies. Conversely, others have reported that in rats anesthetized with pentobarbital, L-NAME decreases vasopressin levels (34) . To complicate matters further, Yamaguchi and Hama (35) demonstrated that SNP given icv to conscious rats does not modify plasma vasopressin levels. On the other hand, when SNP was infused into the anteroventral third ventricle area, vasopressin levels increased despite the proximity of the icv infusion to this anatomical site. In contrast to these findings, Ota et al. (36) reported that SNAP (icv), a drug that spontaneously forms NO, increases vasopressin release in conscious rats 5 min after its administration.
Results from in vitro studies are also contradictory. Using an isolated neural lobe preparation of the pituitary gland, LutzBucher and Koch (37) have shown that L-NAME and free ferrous hemoglobin (a scavenger of NO) produce a transient, but significant increase in oxytocin and vasopressin. In contrast, syndnonimine-1 (SIN-1) , a donor of NO, dampens spontaneous release of these neuropeptides. On the other hand, Raber and Bloom (38) have reported that SNP increases basal vasopressin release from hypothalamic slices.
As mentioned previously, differences in experimental design, dose and time responses to the drugs most likely contribute to these data documenting inhibition, activation or no change in the basal release of neurohypophyseal hormones in response to NO.
Stimulated condition
The modulatory role of NO when activity of the hypothalamo-neurohypophyseal system is increased is more consistent and less controversial. In hypothalamic explants stimulated with high concentration of KCl, Yasin et al. (39) have demonstrated that enhancing NO's action with SNP, SIN-1 and L-arginine attenuates vasopressin release.
In in vivo studies, we have shown (3) that L-NAME administered icv during dehydration induced by water deprivation (a condition that depletes volumes from intracellular and intravascular compartments) produces a selective increase in plasma levels of oxytocin, but not vasopressin ( Figure 2B ). Thus, during dehydration the inhibitory action of NO on vasopressin neurons is removed, while that on oxytocin neurons is enhanced, a phenomenon resulting in a preferential release of vasopressin over oxytocin. This mechanism is independent of opiate receptors but dependent upon production of prostaglandins, inasmuch as indomethacin, an inhibitor of Figure 2 . A,B, Effects of L-NAME (250 µg/5 µl; icv) or artificial cerebrospinal fluid (aCSF; 5 µl) on plasma vasopressin and oxytocin levels in water-sated (A) and 24-h water-deprived rats (B). Animals were decapitated 2 min later. a P < 0.05 vs aCSF. C, D, Effects of L-NAME (icv) injected 5 min after hemorrhage (20% of total blood volume) or at corresponding times in normovolemic rats on plasma hormones. Animals were decapitated 2 min later. For vasopressin (C), volume effect: *hypovolemic > normovolemic, P < 0.01; drug effect P = 0.07. Bonferroni multiple comparisons: aCSF, *hypovolemic > normovolemic, P < 0.01; L-NAME, *hypovolemic > normovolemic, P < 0.01; normovolemic, b L-NAME > aCSF, P < 0.01; hypovolemic, aCSF = L-NAME, P > 0.05. For oxytocin (D): volemic state x drug effect, P = 0.01; aCSF: *hypovolemic > normovolemic, P < 0.05; L-NAME: *hypovolemic > normovolemic, P < 0.01; normovolemic: b L-NAME > aCSF, P < 0.01; hypovolemic: b L-NAME > aCSF, P < 0.01. E, F, Effects of L-NAME (icv) alone or in combination with ANG II on plasma hormones. Animals were decapitated 90 s later. For vasopressin (E): a P < 0.05 vs aCSF; b P < 0.05 vs L-NAME. For oxytocin (F): a P < 0.05 vs aCSF; b P < 0.05 vs L-NAME; c P < 0.05 vs ANG II. G, H, Effects of L-NAME (icv) administered 30 min after subcutaneous injection of various concentrations of NaCl solutions on plasma hormones. Animals were decapitated 5 min later. For vasopressin and oxytocin: salt effect, a P < 0.01 vs all others; drug effect, b P < 0.01 L-NAME > aCSF. Differences among groups were determined by two-way ANOVA and the Newman-Keuls t-test. Reproduced with permission from Ref. When intracellular volume is decreased during moderate osmotic stimulation with 0.45 M NaCl administered subcutaneously (sc), centrally administered L-NAME (icv) further increases plasma levels of oxytocin, but not of vasopressin ( Figure 2G,H) . In response to a stronger hypertonic solution (1.0 M NaCl, sc), however, L-NAME no longer enhances the already high levels of oxytocin. This indicates that, under extreme hypertonic conditions, NO inhibition of oxytocin neurons is also removed, resulting in elevated levels of the hormone, presumably needed to promote natriuresis (40). Srisawat et al. (28) also reported that L-NAME or L-NNA administered after hypertonic saline stimulation further increases the already elevated plasma concentration of oxytocin, while SNP (icv) significantly reduces it. Additionally, Goyer et al. (32) have shown that when NOS activity is inhibited during osmotic stimulation vasopressin secretion remains unchanged. Thus, these results show that decreasing production of NO with NOS inhibitors during osmotic stimulation further increases oxytocin, but not vasopressin levels.
During hypovolemia, a similar pattern of NO inhibition of magnocellular neurons occurs. For example, when intravascular volume is decreased during hemorrhage, independent of change in tonicity (3), L-NAME (icv) preferentially increases plasma oxytocin, but not vasopressin ( Figure 2C,D) . In accordance with these results, Chiu and Reid (31) have reported that iv administration of L-NAME to hypovolemic rabbits does not further elevate plasma levels of vasopressin.
Hypovolemia and hemorrhage are potent activators of the renal renin-angiotensin system. ANG II produced in response to these physiological conditions activates ANG II receptors in the subfornical organ and organum vasculosum laminae terminalis (41) and thereby promotes release of neurohypophyseal hormones. Similar to these effects observed during hypovolemia, NO also modulates hormone secretion in response to ANG II, such that when administered in conjunction with ANG II, L-NAME enhances oxytocin, but not vasopressin secretion (Figure 2E,F) .
Collectively, results from electrophysiological data and the majority of neuroendocrine studies indicate that NO is produced tonically during conditions of normal hydration to inhibit secretion of both vasopressin and oxytocin. When intracellular and intravascular volumes decrease, or plasma ANG II levels increase, however, NO inhibition of vasopressin secretion is removed while that of oxytocin secretion is enhanced to promote preferential release of vasopressin. This phenomenon is physiologically significant for correction of fluid imbalance.
Osmoregulation of the magnocellular system during pregnancy and lactation
Changes in reproductive state result in plastic changes in supraoptic oxytocinergic neurons (42) and profound alterations in body fluid homeostasis (43) . Specifically, late in gestation blood volume expands to about twice that of non-pregnant rats and plasma osmolality decreases. This adaptive mechanism, teleologically significant in anticipation of blood losses during delivery, is a result of a decrease in the apparent osmotic threshold for release of vasopressin and oxytocin from the magnocellular system, without a change in the sensitivity of the osmoreflex (43) . In parallel with these changes, during late pregnancy expression of NOS mRNA in the SON is down-regulated (28, 44) . Thus, in late-pregnant rats pretreatment with L-NNA, another inhibitor of NOS, does not further elevate plasma oxytocin levels after osmotic stimulation, in sharp contrast with the response in virgin rats (28) . Throughout lactation, however, the apparent osmotic threshold for vasopressin and oxytocin re-lease returns to the non-pregnant level, but the sensitivity of the hypothalamo-neurohypophyseal system becomes attenuated in response to stimuli unrelated to milk ejection reflex (43) . Expression of NOS mRNA becomes up-regulated not only in the SON, but also in the lamina terminalis (7). This may be responsible for the reduction of sensitivity of the forebrain circuit to osmotic stimuli at a time when oxytocin is in high demand for the milk-ejection reflex (45) .
NO and signal-transduction pathway
The signal-transduction pathway involved in the modulatory action of NO on the hypothalamo-neurohypophyseal system has not been fully elucidated. A prominent physiological receptor for NO is soluble guanylyl cyclase (sGC) (46) . As described from research on the cerebellum, NO diffuses into nearby neurons and glia, where it binds to sGC and activates the enzyme, elevating intracellular levels of cyclic GMP (cGMP) (46) . cGMP either inhibits or stimulates cellular function by several mechanisms, such as regulating protein kinase or phosphodiesterase activities and ion channels. It is possible that this signaling pathway is similarly utilized in magnocellular neurons because, in addition to expressing NOS, cells in the SON and PVN are rich in the α 1 and ß 1 subunits of sGC (47) . Moreover, Yang and Hatton (48) have shown that cGMP enhances dye coupling of supraoptic neurons, a plastic phenomenon also demonstrated with arginine, the substrate for NOS, and SNP, a donor of NO. Despite these findings, however, our studies do not support the postulate that cGMP is involved in the signal-transduction mechanism of NO's action on magnocellular neuroendocrine neurons. This was demonstrated by the following findings from our laboratory (10): 1) basal plasma concentrations of vasopressin and oxytocin do not become elevated when sGC activity is inhibited with 1H- [1, 2, 4] oxadiazolo- [4,3-a] quinoxalin-1-one (ODQ) administered icv to conscious rats; 2) administration of a membrane-permeable analog of cGMP (8-BrcGMP; icv) to conscious dehydrated rats does not modify plasma hormone levels; 3) activity of NOS increases significantly in homogenates of the pituitary neural lobe of rats drinking 2% NaCl as the sole source of fluids for 4 days without any change in sGC activity or production of cGMP, and 4) the activity of NOS increases in microdialysates of the SON during osmotic stimulation in conscious and pentobarbital-anesthetized rats without changes in cGMP production.
In support of our findings, Ozaki et al. (26) observed that SNAP, a donor of NO, increases the frequency of inhibitory postsynaptic potentials in hypothalamic slices containing the SON by a mechanism independent of cGMP. Similarly, Cui et al. (25) have demonstrated that the inhibitory effects of NO on NMDA-induced depolarization of membrane potentials in SON neurons of hypothalamic slices are independent of cGMP. In an immunocytochemical study, Briski (49) reported that in response to acute glucose deprivation (a stimulus that enhances the activity of vasopressin and oxytocin neurons), pretreatment with a high dose of ODQ (icv) does not change the number of Fospositive vasopressin neurons. In contrast, animals treated with SIN-1, an NO donor, showed a decrease in the number of Fospositive vasopressin neurons. While these experiments indicate that cGMP is not involved in NO's actions on magnocellular neurons, in the same study Briski showed that ODQ administered in conjunction with SIN-1 prevents the action of this NO donor. This finding is difficult to interpret. Nonetheless, results of the majority of studies indicate that NO modulates magnocellular neurons by mechanism(s) other than the NOcGMP pathway.
Recently, emerging research has demonstrated that NO may react directly with thiol groups in cell membrane proteins to exert its biologic actions (50) . For example, NO oxidizes vicinal thiol groups to form disulfide (51) . This oxidation reaction appears to occur via formation of an intermediate nitrosothiol to increase or decrease the activity of proteins such as p21 RAS (52) , the olfactory cyclic nucleotide-gated channel (53), glyceraldehyde-3-phosphate dehydrogenase (54), caspase-3 (55), and ryanodine receptor (56) .
A similar mechanism appears to mediate NO inhibition of ion flux through the NMDA receptor (apparently through cysteine residues in the NR1 and NR2A subunits that are particularly sensitive to S-nitrosylation), with the possible formation of disulfide linkage. Dithiothreitol, a disulfide reducing agent that decomposes nitrosothiol bonds, enhances NMDA receptor activity. In contrast, 5,5 dithio-bis-2-nitrobenzioic acid, an oxidizing agent that oxidizes free thiol groups and forms disulfide bonds, decreases NMDA receptor function (57) . Interestingly, in our studies (Kadekaro M, Terrell ML, Bui V and Summy-Long JY, unpublished data), we have observed that dithiothreitol administered icv to conscious rats in normal hydration increases plasma levels of oxytocin and vasopressin, a result similar to the effects of L-NAME that is also prevented by indomethacin, an inhibitor of prostaglandin synthesis.
Inasmuch as S-nitrosylation of proteins is a reversible phenomenon, it has been postulated that it may function as a post-translational modification mechanism analogous to phosphorylation or acetylation to regulate several physiological processes (58) . In recent years, Ahern et al. (59) have demonstrated that NO activates large conductance Ca 2+ -activated K + channels (also called BK or Maxi-K channels) of the axon terminals in the posterior pituitary, by a cGMP-independent mechanism. In neurons, BK channels participates in repolarization and fast afterhyperpolarization of action potential, affecting the amount of neurotransmitter release (60) and, therefore, the excitability of neurons. Activation of BK channels by NO in the terminals of magnocellular neurons in the posterior pituitary depresses the excitability of the terminals. This is likely to inhibit impulse activity that could explain the inhibitory action of NO on hormone secretion. Further studies using quantitative immunohistochemistry, molecular biology techniques and mass spectrometry are needed to clarify further the signal-transduction molecule mediating NO's action on the hypothalamo-neurohypophyseal system.
